Most of the existing generation of general circulation models (GCMs) use so-called bucket algorithms to represent land-surface hydrology. Biosphere-atmosphere models that include the transfer of energy, mass, and momentum between the atmosphere and the land surface are a recent alternative to this highly simplified representation of the land surface in GCMs. These models require estimation of a large number of parameters for which parameter estimation methods and supporting data remain to be developed. We describe a more incremental approach to generalizing the bucket representation of land-surface hydrology based on a model that represents the variation in infiltration capacity within a GCM grid cell. The variable infiltration capacity (VIC) model requires estimation of three parameters: an infiltration parameter, an evaporation parameter, and a base flow recession coefficient. The VIC model was explored through direct comparisons with the Geophysical Fluid Dynamics Laboratory (GFDL) bucket model for the French Broad River, North Carolina, and via sensitivity analysis for the GFDL R30 grid cell which contains the French Broad River. Generally, the bucket model runoff had much greater variability than the historic streamflows for short time scales (e.g., 1 day); the VIC model was much more similar to the observed flows in this respect. The results also showed that the bucket model tended to have unrealistically high short-term variability. The sensitivity analysis showed that the base flow parameter exerted the greatest influence on both the mean and variability of most of the hydrologic variables, especially winter runoff, summer evaporation, and summer and winter soil moisture.
INTRODUCTION
The redistribution of solar energy over the globe is central to studies of climate and climate change. Water plays a fundamental role in this redistribution through the energy associated with evapotranspiration, the transport of atmospheric water vapor, and precipitation. Residence times for atmospheric water are of the order of a week, and for soil moisture from a week to months, as opposed to years to thousands of years for large inland water bodies (e.g., the Great Lakes) and the oceans. The rapid cycling of water in the atmosphere/land-surface, and the control on this cycling exerted by soil moisture, emphasize the importance of the hydrologic cycle to global energy fluxes.
Understanding the importance of the land-surface hydrology to climate has emerged as an important research area since the mid-1960s, when researchers at Geophysical Fluid Dynamics Laboratory (GFDL) incorporated a land hydrology component into their general circulation model (GCM) [see Manabe et al., 1965; Manabe, 1969] . During the past 20 years, a steady progression of research has shown the importance of the land hydrology on Earth's climate: the sensitivity of albedo to climate [Charney et al., 1977] and the influence of soil moisture anomalies [e.g., Walker and Rown-recent studies of alternative land-surface parameterizations. These studies have sought to relax two of the major simplifications of Budyko's bucket: (1) soil moisture availability is based on field capacity and water budget accounting only, and (2) evaporation modeling does not explicitly incorporate physiological resistance from vegetation. Results of modeling studies from the late 1970s and early 1980s [e.g., Shukla and Mintz, 1982] showed that precipitation and temperature are sensitive to soil moisture anomalies.
The inclusion of vegetation in the land-surface hydrology representation of climate models has been motivated by questions about biosphere-climate interactions, such as the effects of ongoing deforestation in the tropics, and climate feedbacks due to long-term vegetation changes that might accompany climate change. Land-surface models in which the biosphere-atmosphere interactions are fully developed for calculating the transfer of energy, mass, and momentum between the atmosphere and the vegetated surface of the Earth have been developed by Dickinson et al. [1986] (called BATS, for biosphereatmosphere transfer scheme), Sellers et al. [1986] (called SiB, for simple biosphere model), and Abramopoulos et al.
[1988].
As described by Sellers et al. [1986] , SiB consists of a two-layer vegetation canopy whose elements and roots are assumed to extend uniformly throughout the GCM grid. From the prescribed physical and physiological properties of the vegetation and soil, the model calculates (1) the reflection, transmission, absorption, emission of direct and diffuse radiation in the visible, near-infrared, and thermal wavelength intervals, (2) the interception of rainfall and its evaporation from the leaf surfaces, (3) the infiltration, drainage, and storage of the residual rainfall in the soil, (4) the control of the photosynthetically active radiation and the soil moisture potential, inter alia, over the stomatal functioning and thereby over the return transfer of the soil moisture to the atmosphere through the root-stem-leaf system of the vegetation, and (5) the aerodynamic transfer of water vapor, sensible heat, and momentum from the vegetation and soil to a reference level within the atmospheric boundary layer. The model has seven prognostic physical-state variables: two temperatures (a canopy temperature and ground temperature), two interception water storages (one for the canopy and one for the ground cover), and three soil moisture storages, of which two are for the two classes of vegetation and one for the soil recharge lay;,l .
The BATS representation of the land surface, while different than SiB, is of comparable complexity. The development of these models was motivated by recent advances in the understanding of small-scale plant physiology, micrometeorology, and hydrologic interactions that control biosphere-atmosphere interactions. For this reason, BATS and SiB, in particular, have a high level of vertical resolution and structure. In contrast, BATS and SiB assume horizontal homogeneity, and for this reason have often been referred to as "big leaf" models. In this paper, we present a water balance model for the land-surface parameterization that represents spatial variations in the infiltration capacity within a GCM grid cell. This model is presented in the next section, and comparisons with the GFDL bucket parameterization are made for two basins. In addition to these basin studies, a comparison was made for the GCM grid cell (with an R30 resolution) which contains the basin in the mid-Appalachian region of the United States. In this comparison, the two parameterizations were driven by the precipitation and potential evapotranspiration obtained from the GFDL R30 model with the bucket land parameterization. Sensitivities of the variable infiltration capacity water balance model to parameters controlling the infiltration dynamics, base flow simulation, and the evapotranspiration/potential evapotranspiration (ET-PET) relationship are explored as well. The model assumes that infiltration capacities, and therefore runoff generation and evapotranspiration, vary within an area due to variations in topography, soil, and vegetation. where A represents the fraction of a grid cell (or catchment) for which the infiltration capacity is less than i (thus 0 -< A -< 1), i m is the maximum infiltration capacity within the grid cell or catchment, and B is a shape parameter (see Figure 1) . By infiltration capacity, we mean the maximum depth of water that can be stored in the soil column for the incremental area fraction of dA. Note that, in this formulation, infiltration capacity is a depth (volume per unit area), and thus the parameter B is a function of the time step. In Figure  1 , As is that fraction of the grid whose infiltration capacities are filled (i.e., As of the catchment is saturated) when the soil moisture storage is the depth W0. During a precipitation event, the fraction As will generate direct runoff. The infiltration capacity i0 represents the maximum infiltration capacity for the saturated fraction. The initial soil moisture storage W0 is the areally integrated infiltration capacity from zero to i0 (i.e., the area to the right of the infiltration capacity curve from the horizontal intercept at i0 as shown in Figure  1 Two sets of parameters were used for the variable infiltration capacity model: one set used the 150-mm infiltration capacity that has been used in the GFDL model, with the remaining three parameters estimated by minimizing the sum of squared differences between the simulated and observed streamflow. The second parameter set estimated all four parameters using the same objective function. For the bucket model, the standard GFDL parameters [Delworth and Manabe, 1988] were used. The models were driven using observed daily precipitation and potential evapotranspiration. Output was generated at the daily time step and was also aggregated to 30-day periods.
For the fitting and validation of the VIC model, the data record was divided into two periods. The period used to estimate the model parameters was from October 1, 1957, to November 8, 1962. The verification period was October 14, 1953, through July 9, 1957. For both the parameter estimation and validation periods, the first year of this record was used to initialize the soil moisture storage, and the remaining period was used in the performance function evaluation of the estimated parameters. Table 2 , two other aspects of the relative performance of the models are apparent. First, the estimated parameters derived from the estimation period, when ap- using the GFDL bucket model with observed rainfall. One implication of these results is that the R30 GCM produces, for this grid, precipitation whose statistical characteristics are quite similar to those of the observed precipitation. This observation is being investigated in detail, and will be the subject of a future paper. Figure 5 compares the evaporation inferred by the VIC water balance model to that from the R30 GCM; Figure 6 does the same for soil moisture. Two major comments are in order. First, the differences in evaporation are less between the models than for runoff, implying that the "natural" controls on evaporation may constrain the modeled values to be reasonable even for fairly simplistic evaporation functions. This is of particular importance, since, as shown in the following section, the PET values simulated by the GFDL GCM are clearly unreasonably high in the summer months; the same PET was used to drive both the GFDL and VIC water balance models. The second major comment is that the soil wetness time series for the proposed model is far more dynamic than for the GFDL GCM model. For the plied to the validation period, gave consistent performance statistics. This shows that the parameters are stable. Second, concerning the performance of the models compared to the observed data, the bucket model has a large downward bias in the estimated mean runoff. The bias is not apparent in the VIC model for the two estimation cases considered.
Even with the soil moisture capacity fixed at 15 cm, the VIC model seems to capture the daily runoff dynamics more realistically than the bucket model (see Figure 2) . 
LONG-TERM COMPARISONS OF LAND-SURFACE MODELS
Although the S-year simulations provided some insight into the relative performance of the GFDL and VIC water balance models, $ years is too short to provide good information about the long-term statistical behavior of the land surface by the two models. Ideally, this problem would be resolved by using much longer GCM simulations (of the order of 100 years). For this study, however, we were limited to the $ years of GCM results, so we extended the results using a resampling approach as follows. Given the 5-year record of GCM PET, precipitation, and surface air temperature, we synthesized a 100-year record by reselecting months at random from the S-year sequence. Because the principal driving variable (precipitation) has relatively low autocorrelation at the monthly time scale, this resampling surthce skin temperature is part of the GCM's atmospheric energy budget computation and is linked to the Bowen ratio at the land surface. Therefore, if soil moisture is low (as is the case in Figure 7 during the summer), the latent heat fraction, hence surface temperature, can become quite high in the model; PET computed at this temperature may greatly exceed typical observed values. As shown in the Figure 7 plots for soil moisture and evaporation, the extremely high summer PET dominates the land-surface model behavior, and is in fact more important that the differences between models (an obvious exception is the modest evaporation from the GISS model; the reason for this is that evaporation is assumed to occur only from the upper layer, which has a relatively low soil moisture capacity, and therefore severely limits evaporation regardless of the high PET). Recently, revisions have been made to some versions of the GFDL model so that the PET computation is more physically reasonable; however, the results of model runs made with these revisions were not available for this study.
Because of the controlling effect of the high model PET on the performance of the land-surface models, we adopted an alternative approach. Rather than using the GFDL model PET, we instead computed PET using Hamon's formula [Hamon et al., 1954] at the latitude of the grid cell midpoint, using the GCM surface air temperature. Figures 8a-8c show the simulation results for the daily means, coefficients of variation (designated CV(1) for one day), and 30-day coefficients of variation, or CV(30). These results were derived using the same precipitation used in the All of the results of this section and the previous section must be interpreted in light of the limitations of the zerodimensional modeling approach used, which does not account for feedbacks between soil moisture, evaporation, and precipitation. The best way to account for these feedbacks is to incorporate the VIC model directly in a GCM. Such an implementation is the subject of ongoing research. However, we believe that much can be learned about the performance of alternative land-surface representations from zerodimensional experiments such as those performed here. For instance, we think it is highly likely that the importance of the base flow, or drainage, parameter will be confirmed in on-line GCM simulations. GCMs have a computational time step of the order of 15 min, it is important that the water and latent heat fluxes have statistical characteristics at small time steps (of the order of a day), consistent with observations. While seasonal statistics are important for large atmospheric circulations, daily statistics are important for those processes that influence precipitation, runoff, and soil moisture. The implications of the alternative land-surface parameterization were also evaluated at the GCM grid scale. For this study, precipitation and potential evaporation from a 5-year GCM simulation were used to drive the VIC water balance model. The southeastern GCM grid chosen for this analysis was the grid that contained one of the catchments used for the basin study. The runoff results were similar to those found in the basin study, showing that the results found in the basin study cannot be attributed to differences in the GCM-simulated precipitation. For soil moisture, the GFDL model produced a series that was more extreme, in that the soil moisture was either full (15 cm) or empty, while the soil moisture time series from the VIC model showed much more dynamic behavior. It also appears that the equilibrium soil moisture for the proposed model is lower than that for the GFDL GCM, at least for the grid cell being studied. Further grid cell comparisons were made using a 100-year record of GCM precipitation and PET resampled from the 5 years of R30 simulation results. In these comparisons, the GFDL bucket model, as well as the GISS bucket model, were modified slightly to include a base flow term similar in form to that used in the VIC water balance model. The inclusion of the base flow term in the bucket models resulted in first and second moments that were quite similar to the VIC water balance model. Further sensitivity tests of the VIC water balance model using the 100-year resampled record showed that the first two moments of the hydrologic variables are generally more sensitive to the base flow parameter than to either the infiltration or the evaporation parameter. In particular, while the base flow parameter strongly affected winter runoff, soil moisture, and summer evaporation, as well as the variability of summer runoff, soil moisture, and summer evaporation, the infiltration parameter strongly affected only summer runoff and summer runoff variability.
Given the differences between the runoff and soil moisture time series from the GFDL land parameterization and the proposed parameterization, it would appear that the new parameterization could significantly influence the land climatology being predicted from GCMs. This issue is being researched by including the proposed model within the GFDL GCM.
